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Methodology
Forecast Model Runs
The WRF model runs were initialized with 40-km North American Mesoscale (NAM) model output data (2, 3) . The three nested WRF domains are described in table 1. The outer domain (d01) encompasses most of New Mexico and eastern Arizona, as well as extending into a small portion of northern Mexico and southwest Texas ( figure 1 ). This domain includes numerous peaks and valleys, with terrain elevations ranging from less than 500 m to more than 3,000 m. Model options include the following choices:
• microphysics option 2 Lin et al. scheme
• long-wave radiation option 1 Rapid Radiation Transfer Model (RRTM) scheme
• short-wave radiation option 1 Dudhia scheme
• surface-layer option 1 Monin-Obukhov scheme
• land-surface option 2 Noah land-surface model
• boundary layer option 1 Yonsei University (YSU) scheme Figure  2 shows the range of elevation heights for the surface stations. 
Station Elevation Ranges
Upper-Air Validation Stations
Three National Weather Service upper-air sounding observation sites are located within the boundaries of domain 1 (figure 3). Information on these stations is provided in table 2. The El Paso, TX, upper-air station data may be used for all 3 domain model output validations based on grid-point spacings of 18 km, 6 km, and 2 km. The other 2 sounding sites are only within the largest domain 1, based on an 18-km grid-point spacing.
Results
The primary purpose of this study was to document the general performance of the WRF model over one area and one timeframe. Since the forecasts from the 3 nested domains were all available, many of the results shown compare the errors between the 18-km, 6-km, and 2-km grid-space nests. The problem of seeing higher standard error measures associated with finer resolution grid spacing is well known (5). This problem is not expected to be as great for the basic parameters of temperature, dew-point temperature, wind speed, and wind direction presented here as it frequently is for small-scale phenomena, such as isolated rainfall.
Surface Forecast Evaluations
Mean and absolute error statistics were calculated based on all the surface observations available within each domain. In addition, to ensure comparisons between the various grid-spacing forecasts were based on the exact same observation quality and forecast difficulty, error statistics were calculated for the 18-km and 6-km model runs with the output cropped to the area within the 2-km model run. Information relating to these subsets of error statistics is shown in table 3. A primary advantage of the finer-scale 2-km WRF model run is the greater detail known about the terrain elevation at specific sites. Figure 4 illustrates this detail, highlighting the smooth terrain associated with the 18-km model output cropped to the domain 3 area (figure 4a), becoming more detailed and picking up additional variation and higher peaks as the model grid spacing increases to 6 km (figure 4b) and to 2 km (figure 4c). NOTE: All domains are cropped to the area covered by domain 3.
Temperature Errors
The box-whisker plot shown in figure 5 shows the wide range of temperature values experienced throughout the various days and locations in this study for the largest domain, with the forecast data based on the 18-km grid-space forecasts (d01). For the specified time, one-quarter of the values fell within each of the temperature ranges indicated by 1) the bottom whisker (or cross) and the bottom of the box, 2) the lower box, 3) the upper box, and 4) the top of the upper box to the highest whisker (or cross). Values that are outside the lower or upper limits of the boxes by more than 1.5 times the vertical extent of the boxes are indicated with a cross. The 6 p.m. and midnight MST data incorporate approximately 2,500 data points based on the 45 days used for the 00Z model runs, while the 6 a.m. and noon MST data include approximately 2,000 data points based on the 34 days used for the 12Z model runs. The 6 p.m. and 6 a.m. MST results are both from 1-h forecasts and the midnight and noon MST results are both based on 7-h forecasts. These times all show a predominant warm temperature bias, except for the noon MST forecasts. The spread of forecast values is somewhat less than the spread of the observations, but the range of values depicted is quite large for both the forecast and observed data.
The average mean errors for all the temperature forecasts are shown separately for the 00Z and 12Z model runs in figure 6 . The average absolute errors are shown in figure 7. The evaluation times for the 00Z model runs include each hour from 0100 Zulu (01Z) through 12Z (6 p.m. through 5 a.m. MST), while the 12Z model runs include each hour from 1300 Zulu (13Z) through 00Z (6 a.m. through 5 p.m. MST). The most pronounced difference is between the large 3-4 ºC warm bias in the 00Z forecasts and the smaller approximately 1 ºC cool bias in the 12Z forecasts. The 00Z bias is most pronounced in the 18-km results over the innermost domain (d01c3), which is associated with the highest absolute error of 4.4 ºC. The 00Z WRF errors generated by the 6-km grid spacing nest cropped to the inner domain (d02c3) show a third of a degree improvement over the 18-km model run, and the 2-km innermost nest shaves off a half of a degree error from the 18-km model run. The improvements are more significant in the 12Z WRF runs, with over a half degree improvement from the 18-km results to the 6-km results and almost a full degree improvement from the 18-km results to the 2-km results, out of the smaller 3.2 ºC average 18-km absolute error. Although the inner 2-km grid produced smaller temperature errors than generated by the outer nests with larger grid spacings, the temperature errors are still larger than desired, particularly for the model runs initialized at 00Z. A previous study suggested a possible correlation between forecast errors and station elevation (6) . Error statistics were not calculated for individual stations for this study, but it is interesting to note the results of a temperature forecast for one specific time considering the elevations of the stations within the innermost domain. Figure 8 shows these stations on the horizontal axis arranged from the lowest to highest elevation, as indicated by the vertical axis on the right.
WRF Temperature Mean Error
Temperature Forecast Errors
March 28; 1-hour forecast valid 6 p.m. 
Temperature Errors (ºC) The majority of SAMS sites are at an elevation of approximately 4,000 ft. These sites show absolute temperature errors between 0 and 5 ºC on March 28, 2005 at 6 p.m. MST. The 2-km forecasts are generally the same or even worse than the 6-km and 18-km forecasts for these stations. On the other hand, several of the stations with elevations above 5,000 ft experienced significantly higher forecast errors for the 18-km nest, with better results for the 6-km and 2-km nests. The stations labeled SGNN5 and TEM27 are MADIS stations at the far western edge of domain 3 ( figure 3 ), where the surrounding terrain is also relatively high. In contrast, the SAMS stations labeled NOPK and SLPK are situated on more isolated peaks extending out of the desert floor, and those two stations show the highest 18-km forecast error. The two stations with the highest elevation both show great improvements in the 2-km forecast as compared to the 18-km forecast.
Dew-point Temperature Errors
The dew-point temperatures observed throughout this study also cover a substantial range (see figure 9 ). There are approximately 500 fewer observations for dew-point temperature than for temperature, with close to 2,000 observations contained in the 6 p.m. and midnight MST data and 1,500 observations in the 6 a.m. and noon MST data. The dew-point temperature spread within the Inner Quartile Range (IQR) (middle 50% within the boxes) is not quite as widely dispersed as the temperature IQR, and the outliers seem to be more anomalous from the prevailing data. The cross marks in figure 9 indicating values below the x-axis are likely to be erroneous observations. The forecasts show a warm bias with less dispersion than seen in the observations for each of the four times.
The dew-point temperature forecasts based on the 00Z model runs exhibit a warm bias, but the bias is not as strong as one in the temperature forecasts (see figure 10 ). Unlike the 12Z temperature results, the 12Z dew-point temperature forecasts also contained a warm bias, but to a lesser extent than the 00Z model output. The bias was least pronounced when considering all the stations within the largest domain 1 based on the 18-km model runs. There are no significant differences in the dew-point temperature forecast errors generated by the 18-km, 6-km, and 2-km nests cropped to the innermost domain 3. Although the 18-km forecast to observation comparisons using all the stations in domain 1 contained the lowest bias, they still had slightly higher average absolute dew-point temperature errors than the other categories (see figure 11 ). All these errors for the three different nests cropped to domain 3 were close to 3.3 ºC for the 00Z runs and 3.0 ºC for the 12Z runs. 
Wind Speed Errors
Figure 13 depicts the ranges of wind speeds observed throughout this study. Again there are approximately 500 fewer stations reporting wind speed than those reporting dew-point temperature, resulting in close to 1,500 observations for the 00Z model run times (6 p.m. and midnight MST) and 1,000 observations for the 12Z model run times (6 a.m. and noon MST). The IQR shows predominant wind speeds of 3-5 m/s at the 6 p.m. and noon MST observation times, with weaker winds at midnight and 6 a.m. MST, as expected. Although the wind speed forecasts show a bias to be too strong, they do not encompass any of the few extremely high winds observed above 15 m/s. The apparent bias for wind speed forecasts to be too strong based on the 00Z model run may be exaggerated in this study, since the cup anemometers might not start registering wind speeds accurately until a minimum speed has been reached. In fact, 10% of the 6 p.m. and midnight MST observations produced a wind speed of 0 m/s, with the lowest wind speed reported of 0.4 m/s. On the other hand, the forecasts did not include any totally calm wind speeds. The 6 a.m. and noon MST observations included in the 12Z model run comparisons also incorporated observed wind speeds of 0 m/s about 10% of the time, so the model bias shown for domains 2 and 3 with wind speeds forecasted too low may not reflect as large of a bias as actually exists.
The average absolute wind speed error near 2 m/s for the 00Z 18-km model runs for all of domain 1 is slightly lower than the other categories, which are all closer to 2.3 m/s.
Wind Direction Errors
The predominant wind directions experienced during this study are displayed in figure 16 in a series of wind roses for both the observed and the forecasted wind directions. The number of instances of wind blowing from a particular direction is indicated by the length of the wedge extending toward that direction. Since the purpose is to portray the relative percentage of time the wind is from various directions at a specific time, the x-axis showing the number of occurrences has been kept consistent within the side-by-side observation and forecast rose plots, but has been allowed to vary across the different times. The number of observations is less than those reported for wind speeds depending on how many calm wind speeds were observed with no corresponding wind direction, leading to 1,400 data points at 6 p.m. MST, 1,200 at midnight MST, 900 at 6 a.m. MST, and 1,000 at noon MST. NOTE: The length of the red wedges indicates the number of instances the wind was observed or forecast to be blowing from the direction (in degrees) that the wedge extends toward. OBS = observations and FCST = forecast.
The average mean wind direction error has not been calculated, but the wind rose plots in figure 16 don't appear to reflect a clear bias for winds to be forecasted from a more clockwise or counterclockwise direction than the observed values. Even though the observations seem somewhat more likely to be reported from one of the eight main compass points than from a direction not divisible by 45, sufficient observations fall within the other 5º bin wedges that this apparent reporting preference probably does not contribute significantly to wind direction forecast errors. The average absolute wind direction errors are shown in figure 17. Since wind direction observations associated with low wind speeds were not discarded, light and variable winds may contribute significantly to the wind direction errors. The largest average absolute wind direction error of 57º is for the 00Z 18-km model run cropped to the innermost domain, but that is not significantly different from the other categories, which have average errors ranging between 51º and 55º. Table 4 presents summary statistics for all the surface results in this study. As previously mentioned, the 00Z and 12Z model output covers hourly forecasts from 1 h through 12 h past the model initialization time. The various categories listed are defined in table 3 (under subsection 3.1). Many of the mean difference and absolute difference values are discussed in the previous paragraphs. Table 4 also includes correlation coefficient, root mean square error (RMSE), and root mean square vector error (RMSVE) data. 
Surface Forecast Error Summary Statistics
Upper-Air Forecast Evaluations
As described in subsection 2.3, the three upper-air stations used for comparisons to WRF forecasts include Tucson, AZ, (TUS) in the lower Sonoran desert; and Albuquerque, NM, (ABQ); and El Paso, TX, (ELP) in the higher Chihuahuan desert. The TUS and ABQ results are available only for the 18-km grid spacing model output. The ELP results are available for all 3 grid spacings, but since the differences between the 18-km, 6-km, and 2-km results do not appear to be great, the 6-km output is not discussed. To streamline the data handling for the large amount of upper-air data, the upper-air evaluations are limited to forecasts every 5 days throughout the period containing 00Z-and 12Z-initialized forecasts from April 12 through May 15, 2004. For each of the 7 days used, analyses are included for the 0-h and 12-h forecast from both the 00Z and 12Z model run, resulting in 4 upper-air forecasts per day for each location. This approach also lessens the redundancy of adjacent days experiencing similar synoptic conditions.
Forecast Errors by Station at the 50-kPa Pressure Surface
Initially, a single height at 50 kPa for each upper-air forecast evaluation station is used. As described above, each box-whisker plot encompasses 28 forecasts. Figure 18 shows the temperature forecast errors at 50 kPa for TUS, ABQ, and ELP from the 18-km grid-spacing forecast, as well as for ELP from the 2-km forecast. The 50-kPa temperature forecasts are generally quite good, with half the forecasts within 1.5 ºC or less of the observed value. The most obvious difference between the upper-air stations is the tendency for the ABQ forecast to be too cold, while the other stations' forecasts are more likely to be slightly too warm. The 50-kPa temperature forecasts from the 2-km model runs are either identical or within 0.1 ºC of the equivalent forecast from the 18-km model run.
The dew-point temperature forecasts at 50 kPa were very much worse than the temperature forecasts. Although it is understood that dew-point temperature profiles are significantly more variable than temperature profiles, the errors seen in figure 19 are frequently well outside an acceptable range for operational use. Note that the y-axis in figure 19 extends from -30 to 30 ºC compared to -4 to 4 ºC for the temperature errors in figure 18 . The IQR for TUS extends from -5 ºC (forecasts are too cold) to 10 ºC (forecasts are too warm), with large errors in either direction common. ABQ experienced similar instances of dew-point temperatures forecasts being substantially too warm. On the other hand, the forecasts that were too cold showed much smaller errors. ELP did not share this warm bias, with the IQR range between -5 and 5 ºC. As with the temperature forecasts, the 18-km and 2-km dew-point temperature forecasts showed no discernable differences.
The wind speed forecasts at 50 kPa tended to be too low, with only the upper quartile containing winds forecast to be too strong (figure 20). The IQR for ABQ encompasses errors between approximately 0 and -10 m/s, while the errors for the other stations are not quite as dispersed. Although the IQR is similar for the ELP 18-km and 2-km errors, the 2-km wind speed forecasts are frequently several meters per second different from the 18-km wind speed forecasts and don't generate the extreme errors seen in the 18-km forecasts.
The 50-kPa wind direction forecasts at TUS and ABQ showed little bias, with half of the forecasts within 40º of the observed value (figure 21). Both the 18-km forecasts and the 2-km forecasts for ELP generated somewhat smaller errors. Although the 2-km wind direction forecasts were frequently 20º or more different than the 18-km forecast, they were not predominantly the better forecast. 
Forecast Errors by Time at the 50-kPa Pressure Surface
The same 7 days as used above for the 50-kPa evaluations by station were used to group the average 50-kPa errors by forecast initialization time and forecast hour. The 18-km model forecasts for the 3 upper-air stations are included, resulting in 21 forecasts for each of the following 4 forecast time combinations:
• Forecast initialized at 00Z valid at that time (00Z -0 h)
• Forecast initialized at 00Z valid 12 h later (00Z -12 h)
• Forecast initialized at 12Z valid at that time (12Z -0 h)
• Forecast initialized at 12Z valid 12 h later (12Z -12 h)
The temperature forecasts at 50 kPa reflected a small bias for being too warm for the 0-h forecasts, and a small bias for being too cool for the 12-h forecasts ( figure 22 ), although the sample size and the small errors overall preclude drawing any conclusions about persistent model bias. As expected, the 12-h forecasts have higher average absolute errors than the 0-h forecasts. The forecasts initialized at 12Z generated somewhat higher errors than those initialized at 00Z for the same forecast hours. As discussed previously concerning the 50-kPa analysis by station, the dew-point temperature forecast errors are significantly greater than the temperature errors. Therefore, the y-axis in figure 23 encompasses a much greater range than is used in figure 22 . Other differences seen in dew-point temperature errors as compared to temperature errors include a substantial warm bias for the 12-h forecast initialized at 00Z and the greatest absolute error occurring at that time. Seven of the 21 forecasts at that time generated errors greater than 10 ºC. The wind direction forecasts at 50 kPa do not produce significant bias (figure 25). Once again, the 0-h forecasts are significantly better than the 12-h forecasts, with average absolute errors below 20º for the 0-h forecasts and 50º to 60º for the 12-h forecasts. 
Overall Upper-Air Forecast Analyses
An attempt was made to evaluate the quality of the upper-air forecasts at all sounding heights for the same 7 days included in the 50 kPa discussions above. Based on viewing plots showing both the forecast and the observed upper-air data for the individual weather parameters, a strictly subjective grade A to E was given to each forecast to estimate the quality of the forecast. Each of the 7 days included 4 parameters, 4 station choices (TUS, ABQ, and ELP at an 18-km grid spacing, plus ELP at a 2-km grid spacing) and 4 model initialization and forecast hour choices (00Z initialization with a 0-h and a 12-h forecast and 12Z initialization with a 0-h and a 12-h forecast). Therefore, a total of 448 profiles were examined. Table 5 gives the summary of how many profiles received a grade of A, B, C, D, or E for each weather parameter grouped by station and by forecast initialization time and forecast hour. The temperature and dew-point temperature plots were virtually indistinguishable between the 18-km and 2-km results for ELP, while the wind plots did show significant differences based on the model grid spacing. The upper-air temperature forecasts were quite good, with similar results for the different stations. The 0-h forecasts for both initialization times produced very good results, while the 12-h forecasts were frequently not quite as good, especially for the 00Z 12-h forecasts. Eleven of the 28 observed temperature profiles included temperature inversions at the surface for at least one of the stations. Unfortunately the model output did not include data at height levels low enough to investigate whether or not the WRF model accurately predicted the temperature inversions. A typical upper-air temperature result is shown in figure 26 . Since observed profiles of dew-point temperatures vary significantly more than temperature profiles, even in a desert environment, it is not surprising that the upper-air dew-point temperature forecasts did not perform quite as well as the temperature forecasts. The three stations predominantly experienced similar results for the same forecast times. Two instances where the TUS forecasts were significantly worse than the other two stations resulted when the TUS observations exhibited a rather abrupt change in the slope of the profile between 60 and 40 kPa, and the WRF did not capture these accurately. The dew-point temperature forecasts produced the best results for 0-h forecasts based on the model runs initialized at 00Z, but the 0-h forecasts based on the model runs initialized at 12Z were also consistently pretty good. The 12-h forecast results were somewhat more diverse, with the worst results associated with the 12-h forecast from the 12Z model runs. Figure 27 shows a representative dew-point temperature profile. . A sample dew-point temperature profile rated "B" for a good quality forecast.
As mentioned previously, the 2-km ELP wind speed forecasts often differed significantly from the 18-km ELP forecasts, with the 2-km forecasts frequently showing an improvement over the 18-km forecasts. Several of the observation times in May 2005 for ELP and ABQ encompassed very high upper-air wind speeds above 40 kPa that were missed by the forecast model. TUS did not report these high wind speeds, so its forecast quality is rated higher more often than the other stations, presumably because of an easier forecast situation. The 0-h wind speed forecasts showed significantly more skill than the 12-h forecasts, which were quite poor overall. A sample wind speed profile is provided in figure 28 . Figure 28 . A sample wind speed profile rated "C" for a fair quality forecast.
As found in the wind speed forecasts, there was a wide variety in the quality of the wind direction forecasts. Although the distribution of wind direction forecasts rated B-D was similar to the wind speed distribution, there were many more very good (A) wind direction forecasts and many fewer very poor (E) wind direction forecasts than wind speed forecasts. Interestingly, the ABQ wind direction profiles generated both the highest number of very good and the highest number of very bad forecasts compared to the other stations. The 2-km results for ELP frequently displayed an improvement over the 18-km results for wind direction. The 0-h forecasts were most often considered very good or good, while the 12-h forecasts were predominantly only fair. Figure 29 shows a sample wind direction profile. 
Conclusions
The usual disclaimers apply. One should not draw conclusions from these results concerning the performance of the WRF model over other times and locations. In addition, it must be remembered that some erroneous surface data was likely used in these evaluations, although it is hoped that the amount of bad data was small compared to the total number of data points.
Surface Forecast Results
Many comparisons were made between WRF forecasts and MADIS and SAMS surface observations. The period considered for this study included only the spring 2005 season, but encompassed many different observation times and locations within New Mexico and Arizona. Each model run only provided output out to 12 h, so the surface statistics for model runs initialized at 00Z cover evening and night times, while those initialized at 12Z cover morning and day times. From the detailed analyses presented in this report, some general conclusions on the WRF forecast performance include the following:
• The temperature forecast errors averaged 2-4 ºC, with a large warm bias of 3 ºC for the model runs initialized at 00Z and a much smaller cool bias of 1 ºC or less for the model runs initialized at 12Z.
• All of the various domain groupings generated average absolute dew-point temperature errors between 3 and 3.5 °C. These included a warm bias for both initialization times. The smallest bias under 1 ºC occurred when considering all the surface stations in domain 1 for the 12Z model runs. The 00Z model runs resulted in 2 ºC or slightly higher biases.
• Wind speed forecasts produced similar average absolute errors between 2 and 2.5 m/s for all the domains and forecast times. The wind speed forecast biases were quite small, but did vary noticeably, from more than 0.5 m/s too strong for the 00Z model runs over domains 1 and 2, to more than 0.5 to 1 m/s too weak for the 12Z model runs for all 3 grid spacings over the area within domain 3.
• The wind direction forecasts experienced the smallest RMSVE of 5.2 and 5.3 m/s when considering all the stations in domain 1. The RMSVE for other domain groupings ranged from 5.6 to 5.8 m/s. The average absolute wind direction errors were approximately 55º.
• Temperature forecasts were slightly better overall for the 2-km model runs than for those with larger grid spacing. The other parameters did not reflect any persistent improvement or decline in the forecast error based on the model grid spacing.
Upper-Air Forecast Results
A subset of two model runs a day for seven days approximately fives days apart was selected to analyze the upper-air forecast results. A 0-h and a 12-h forecast were included for both the 00Z and 12Z model runs on each of the 7 days. A summary of some of the upper-air forecast results follows:
• The temperature forecast errors at 50 kPa were more likely to be 0-1 ºC too warm at TUS and ELP, and more likely to be 0-1.5 ºC too cool at ABQ. The average absolute 50-kPa temperature forecast error, by time, ranged from 0.5 ºC for the 0-h 00Z forecasts to 1.4 ºC for the 12-h 12Z forecasts.
• TUS and ABQ experienced a greater range of 50-kPa dew-point temperature errors than seen at ELP. The greatest 50-kPa dew-point temperature bias of 6 ºC too warm was associated with the 12-h forecast initialized at 00Z. The biases at the other times were close to 2 ºC, with both 0-h forecasts too warm and the 12-h 12Z forecast too cool. The average absolute 50-kPa dew-point temperature errors were approximately 4 ºC and 6 ºC for the 0-h forecasts initialized at 00Z and 12Z, respectively, and greater than 10 ºC and 9 ºC for the 12-h forecasts.
• Wind speed forecasts at 50 kPa tended to be 0-10 m/s too low for all three stations. The 0-h forecasts were predominantly in the 0-5 m/s half of this range with the 12-h forecasts in the 5-10 m/s half.
• Wind direction forecast errors at 50 kPa fell within 45º in half the cases for TUS and ABQ, with errors frequently half that amount for ELP. The 0-h wind direction average absolute forecast errors were less than 20º for the 0-h forecasts and 50 º to 60º for the 12-h forecasts. 
